The medial prefrontal areas 32, 24, 14, and 25 (mPFC) form part of the limbic memory system, but little is known about their functional specialization in humans. To add anatomical precision to structural and functional magnetic resonance imaging (MRI) data, we aimed to identify these mPFC subareas in histological preparations of human brain tissue, determine sulci most consistently related with mPFC areal boundaries, and use these sulci to delineate mPFC areas in MRIs.
| I N T R O D U C T I O N
Segmentation refers to the identification and delineation of an anatomical area or structure in magnetic resonance imaging (MRI). Anatomical guidelines for precise segmentation are critical for the establishment of the structural/functional integrity of a specific brain area in MRI scans in healthy and diseased brains. In memory research, the delineation of the different structures comprising the limbic system has received extensive attention. Within it, the hippocampus is the most extensively segmented structure in human MRI scans (Gadian et al., 2000; Yushkevich et al., 2015) , with adjacent cortical regions such as the temporal pole, entorhinal, and perirhinal areas also successfully segmented (Insausti et al., 1998) . However, the prefrontal components of the limbic memory system, such as the medial prefrontal cortex (mPFC), are still poorly defined in MRI scans and yet doing so is critical to better understand the anatomical underpinnings of neural disorders.
Atlases, standard templates, template spaces, and mathematical transformations are available for structural and functional brain imaging studies via SPM (Ashburner & Friston, 2000) , FSL (FMRIB Software Library, Oxford, UK), or AFNI (Cox, 1996) . These provide tools for automatic segmentation of different brain areas, including the mPFC.
Although these methods allow critical comparisons across studies, they are limited in terms of precise anatomical localization at both the group and individual subject level. For example, the standard stereotaxic space developed by Talairach and Tournoux (1988) has been extensively used in many studies as a guideline for labeling (Lancaster et al., 1997 (Lancaster et al., , 2000 . However, the cortical parcellations in human MRI based on it have been shown to be less than ideal predictors of some boundaries including those of higher order cortical areas (Amunts et al., 1999 (Amunts et al., , 2005 . Limitations like these, together with interest in the determination of brain-function associations with classic maps based on architectonics (Rademacher et al., 2001; Roland et al., 2001; Van Essen, 2002) , have stimulated the generation of new brain mapping techniques.
The two main types of methods for whole brain automatic segmentation are volume based and surface based. Volume-based cortical labeling tools include protocols developed at the Centre for Morphometric Analysis at the Massachusetts General Hospital (FreeSurfer, Fischl et al., 2002) , the Montreal Neurological Institute MNI152 (Fonov, Evans, McKinstry, Almli, & Collins, 2004 , Petrides, 2012 , the
University of Californias Laboratory of Neuroimaging (LONI Brain
Parser, Shattuck et al., 2008) , as well as at the University Iowa Hospitals & Clinics (BRAINS, Brain Research: Analysis of Images, Networks, and Systems, Crespo-Facorro et al., 2000) , and in London (Automated Anatomical Labeling-SPM, Statistical Parametric Mapping, TzourioMazoyer et al., 2002) . Some examples of surface-based human cortical labeling protocols are the "Mindboggle-101" data set (Klein & Tourville, 2012) , Desikan-Killiany (Desikan et al., 2006) , and Destrieux protocols (Destrieux, Fischl, Dale, & Halgren, 2010) used by the FreeSurfer brain analysis software Fischl, Liu, & Dale, 2001; Fischl et al., 2002) . These techniques are very helpful, but result in different areal segmentations, thereby making it a challenge to choose a particular method. A particular challenge arises when the aim is to measure volumes of specific areas in clinical cohort studies, in which individual values may indicate degree of damage. Identifying boundaries accurately requires a certain degree of confidence. Anatomically guided probabilistic maps have been introduced for the prefrontal cortex, but such maps are mostly available for regions within the lateral frontal cortex (Amunts et al., 1999; Goulas, Uylings, & Stiers, 2012; Rajkowska & Goldman-Rakic, 1995) . In the case of the mPFC, probabilistic maps have been provided for regional specific fMRI analysis (Mackey & Petrides, 2014; Palomero-Gallagher et al., 2015) but, to our knowledge, so far these only include the subgenual portion of the mPFC.
The aim of this study was to provide a method for segmentation of the mPFC in MRI scans that uses sulci, volumes, and cortical surface data from human brain histological material. To obtain this, a histologically-based set of quantitative and visual guidelines based on sulci and gyri were used to segment the pregenual, subgenual, and dorsal aspects of the mPFC areas 32, 24, 14, and 25 in MRI scans. This method of segmentation is laborious given that requires the manual segmentation of the individual mPFC areas in a subject-by-subject bases. Nevertheless, it is the recommended one for studying changes in mPFC areas in diseased conditions at the individual level. To allow regional analysis of structural/fMRI studies at the group level, we segmented the mFPC in 51 MRI scans by means of the manual method described above. This procedure allowed us to generate probabilistic maps of mPFC areas that are now available in MNI space.
| MATERIALS A ND METHODS

| Ethics
This study was conducted according with the World Medical Association ethical principles for research with humans (Helsinki, Finland, 1964) 
| Ex vivo tissue processing and MRI acquisition
The body donor program at UCLM (Human Anatomy) provided 11 brain hemispheres from neurologically intact individuals from both genders (7 males and 2 females) with a wide age range (mean age 52.8; SD 31.7). There was no evidence of vascular damage or other neuropathological findings that could mislead identification of the cytoarchitectonic boundaries. Despite the age range and gender, gyri and the architectonic features of mPFC subareas were constant. Also, the association of architectonic boundaries with sulci was constant across the ages included in this study. The measurements (volumes, distances, and cortical length), once normalized for brain size, were equivalent. These allowed us to segment the mPFC independently of age and gender.
Both hemispheres were available in 4 cases, only the right hemisphere 7.28 min) were modified to optimize image quality in each case. One case was scanned at 3T with a similar sequence leading to a 1 3 131 mm resolution. Frontal lobes were then dissected from the rest of the hemispheres by a perpendicular cut to the anterior and posterior commissures (AC-PC) axis at the caudal end of the subgenual region (area 25). In this study, prefrontal cortex (PFC) was, therefore, defined as the region extending from the frontal pole as far caudal as a perpendicular line to the AC-PC axis placed at the caudal boundary of the subgenual region (area 25). The brains were photographed, coronal blocks of 1 cm thickness were dissected, equilibrated with 30% sucrose in buffer, and frozen-cut at 50 lm thickness in a microtome coupled to a freezing unit. From the frontal pole, a one-in-ten series of coronal sections (one-in-500 lm) were mounted for Nissl staining with thionin (Merck, Darmstad, Germany) and used for cytoarchitectonic analysis.
Another one-in-ten consecutive series of sections were stained using the Gallyas protocol (Gallyas, 1971) and used for myeloarchitectonic analysis. Storage of human brain tissue was carried out as described previously (Insausti et al., 1995) .
| Cytoarchitectonic analysis and relationship with myeloarchitectonics
Cytoarchitectonic boundaries were identified microscopically in Nissl/ Gallyas stained sections with an Olympus BX51 microscope equipped with a digital video camera (QImaging FAST 1396, Surrey, BC, Canada) and an image analysis system (Bioquant Nova, R&M Biometrics Inc., Nashville, TN), and photographed (Nikon DS-Fi1) at a magnification of 13. Our analysis was guided primarily by the nonhuman primate description of the mPFC (Barbas, 1992) and by the comparative studies of human and rhesus monkey by Petrides and Pandya (Petrides & Pandya, 1999 . The nomenclature used for these boundaries agree with those of the recent work of Morecraft (Morecraft et al., 2012) on the anterior cingulate cortex and the premotor adjacent areas in rhesus monkey. Although the architectonic boundaries in the present work were identified in coronal sections, they were in accord with the description previously reported by Von Economo and Koskinas (2008) and by Mai, Majtanik, and Paxinos (2015) in sections cut perpendicular to its principal axis.
| Two-dimensional maps
Two-dimensional unfolded maps of the mPFC were constructed following the procedure described by Van Essen and Maunsell (Van Essen & Maunsell, 1980) , with a slight modification; that is, we used the pial/ cortical surface instead of layer IV to unfold the cortex. Maps were built from Nissl-stained coronal sections through the mPFC at intervals of 2 mm. Architectonic boundaries and sulci were marked. The unfolded maps made it possible to determine sulci that were consistently related with mPFC subareas boundaries across cases. Sulci associated with areal boundaries were then used as anatomical guidelines to manually place areal boundaries on MRI coronal slices (1 mm thickness).
| Sulci of the mPFC
Sulci of the mFPC include the paracingulate (pcs), cingulate (cs), intracingulate (ics), superior rostral (srs), inferior rostral (irs), and anterior parolfactory sulci (apos, Figure 1 ). The six variations found in this study are described in Figure 5 and its legend. The pcs is inconstant, but, when present, it bends externally around the cingulate gyrus (CG) and often divides into several segments that may take an oblique orientation to the AC-PC axis (see Figure 5 , pcs in deparate segments in 1, 2 and continuous in 3, 4, and 5). This sulcus often runs toward the subgenual region, where it may join the srs, as it happens in the case illustrated in Figure 1 . Variants of this pattern whereby pcs remain independent of srs in the subgenual regions can be appreciated in Fig- ure 5 (see 5). The cs is constant in terms of its presence, and bends rostrally to the genu of the corpus callosum (cc) establishing the CG.
Caudally, the cs runs dorsal and in parallel to the body of the cc while ventrally, in the subgenual region, it may be independent of srs or it may join it, extending caudally as a single sulcus (see 1 and 2, respectively, in Figure 5 ). The subgenual cs may end at the apos, located in the most caudal portion of the subgenual region, perpendicular to the rest of the mPFC sulci at very variable degrees of obliqueness. The ics is inconstant and appears within the CG (Figure 1 , also in pattern 4 in Figure 5 ). The srs runs ventral to the cs in the subgenual region and (Schneider, Rasband, & Eliceiri, 2012) . To control for brain size, data were normalized as previously described (Insausti et al., 1998) . Briefly, the correction factor used to normalize each individual measurement was calculated by dividing the overall mean PFC volume by the individual's PFC volume. We multiplied raw volumes and CSL by this correction factor. In addition, we calculated the volumes of each mPFC subarea and of the total PFC and expressed the former as percent of the second.
| In vivo brain MRI acquisition, image analysis, and manual segmentation
In vivo MRI scans were obtained from 51 healthy subjects (males, mean 6 SD age 5 24.1 6 3.1 years) using a 3T GE Discovery MR750
scanner with a 12-channel head coil. A standard localizer, coil calibration, and a 3D T1-weighted anatomical scan: TR 7.1 ms, TE 2. Table 1 ). Mean volume reduction of mPFC subareas ranged from 13.8% to 29.9% with an overall mean reduction of 21.8%. Given the similarity between the mean mPFC and PFC volume reduction, we used the latter to adjust the ex vivo volumes and CSL to the in vivo measurements.
| Probabilistic maps
A study-specific brain template was generated with the 51 in vivo MRI scans with ANTs (PICSL, Philadelphia, PA) (Avants, Epstein, Grossman, & Gee, 2008; Avants et al., 2010) . The in vivo segmentations for each area according to the quantitative and visual guidelines obtained in the ex vivo cases (described earlier in this section), were also registered to this template and averaged to generate probabilistic maps. These maps encode the probability of a voxel being part of one specific area, ranging from 0% to 100%. Additionally, we generated a maximum probability map. In this map, each voxel of the mPFC gets the value of the area with the highest probability. All brains and segmentations were registered to the MNI space with ANTs. All registrations were carried out using the diffeomorphic symmetric image normalization approach implemented in ANTs (Avants et al., 2008) . III or IV and in deep layer V) were different between subareas. These myeloarchitectonic features were complementary to the cytoarchitectonic differences and, therefore, allowed the delineation of the subareas in coronal sections based on both characteristics (Figure 2 ).
| Area 32
Area 32 lays just caudal to the frontal pole area 10 and ventral to areas 8/9 (Figures 1 and 2 ). It occupies dorsally the paracingulate gyrus and ventrally the subgenual region of the mPFC. Area 32 borders ventrally with area 24. In terms of cytoarchitectonic features (Figure 3a ,b,e,f), layer II in area 32 is broader, with higher cellular density, and clearer II/III border relative to area 24. The darkly stained pyramidal neurons of layer IIIc form a discontinuous and somewhat irregular band. In fact, layers IIIc and IV intermingle, and therefore, the III-IV boundary appears irregular. This characteristic layer IIIc in area 32 progressively looses its large pyramidal cells dorsally. Area 32 is considered as dysgranular and, although layer IV can be identified along the whole area, this layer is somewhat wider and better identifiable in the pregenual and subgenual portions where the granular cells form occasional horizontal striations than in its dorsal portion. Dorsally, the prominence of deep over superficial layers gets more balanced, acquiring a closer resemblance to the dorsal medial area 8. Dorsal to the cc, and especially at its most caudal levels, these latter features become progressively more patent. Layers V and VI are wide and contain small neurons darkly stained; a poorly formed layer Vc makes almost indistinct the limit between layers V and VI. Layer Vc is more identifiable in the dorsal aspect of area 32. Two key features of area 32 serve to identity the border with area 24, namely the presence in area 32 of large and darkly stained pyramidal cells in layer IIIc, and the presence of layer IV. Layer IV also serves to distinguish area 32 from the granular dorsal medial areas 10 and 8/9 and dorsal to the agranular area 24. In myelin stained sections, the darker appearance of the pregenual and dorsal postgenual portions of area 32 differentiate the boundary with area 24.
| Area 24
Area 24 lays in the CG. Layer II is distinguishable, although layers II/III boundary is less evident than in area 32 (Figure 3c ,d,g,h). Relative to 
| Area 14
This area occupies most of the gyrus rectus and is the one with the least limbic architectonic appearance (Figure 3i,j) . The lower cell density in layer III is a key feature and makes a clear boundary with areas 10 and 32. Layer IV is present but appears narrower and less identifiable than in area 10. Two key features distinguish area 14 from 32: first, layer II has a poorly defined border with layer III that contrasts with the clear boundary in layers II-III in area 32; second, the large pyramidal neurons of IIIc are less prominent and yet form a more continuous band than in area 32 layer IIIc. Layers V and VI in area 14 are prominent, and they can be distinguished due to a clear and wide layer Vc.
| Area 25
This area is the most caudal region in the subgenual mPFC. The key architectonic feature is its bilaminar appearance due to the prominent layers III and V-VI and a narrow layer IV (Figure 3k,l) . Layer II neurons form isolated aggregates and an irregular and poorly differentiated border with layer III. Layer V has densely stained neurons, closely packed, and with no clear boundary with layer VI. A narrow layer IV together with the prominent bilaminar appearance can distinguish area 25 from area 14.
| Two-dimensional unfolded maps
The two-dimensional maps of the mPFC showed that despite the variable size and shape of the sulci and gyri, the pcs, cs, and srs were the sulci that were most consistently associated with the mPFC subareal boundaries (Figure 4 ). Neither the irs nor the apos were related to any particular boundary in our cases.
| Sulci patterns in ex vivo brains
The mPFC sulci and gyri are the only identifiable anatomical references that can be used in MRI scans to identify the areal boundaries so far. Table   2 compares the sulci nomenclature used in our study and previous ones.
The following three criteria were used to classify the sulci patterns of ref-
erence: (a) presence/absence of pcs; (b) position along the mPFC of pcs (i.e., rostral, dorsal and/or subgenual or all); (c) connections (or not) of cs and pcs and with srs. According with these criteria, the 11 hemispheres could be classified within six different sulci patterns ( Figure 5a ). As illustrated in Figure 5 , sulci patterns 1 and 2 have cs but no pcs: In pattern 1, cs and srs are independent while in pattern 2 both are fused in a single sulcus.
In 3 and 4, pcs is present and, together with cs, extends throughout the dorsal, rostral, and subgenual mPFC. The cs and pcs are separated from srs in 3, while in pattern 4 pcs joins srs. In patterns 5 and 6, pcs is present, but only dorsally. In 5, cs is independent of srs while in 6 cs joins srs.
| Sulci patterns in in vivo brains
The six patterns found in the ex vivo sample were found identically in the 102 in vivo right and left hemispheres. Patterns 1, 2, and 4 accumulated 78% of the cases, while 3, 5, and 6 were less frequent (see frequency histogram in Figure 5b ). However, an additional new pattern (pattern 7 in Figure 5b ) was found, with cs dorsally and both cs and pcs ventrally, whereby pcs joined srs, but it was the the whole mPFC longitudinal axis (i.e., from the frontal pole to the caudal end of area 25) and in mm in Table 1 . Mean PFC and mPFC volumes from both in vivo and ex vivo cases normalized for brain size and corrected for shrinkage (Table 3) .
| Area 32
Dorsal and ventral boundaries of the pregenual portion of area 32 can be traced forward from the corresponding caudal subdivisions ( Figure   6 , upper panel). Area 32 dorsal to the cc forms a band of cortex wider rostrally but progressively narrower at more caudal levels. In the most rostral sector (i.e., 87% of the distance from cc-end of mPFC), its CSL is (mean 6 SEM) 31.61 6 3.88 mm in coronal sections as measured from the adjacent area 24 dorsally toward areas 8/9. The next caudal 5% of area 32 extends dorsally 18.33 6 2.75 mm from area 24. The most caudal sector represents 8% of this dorsal portion of area 32 and its CSL is 7.14 6 1.06 mm from area 24. In the subgenual region, area 32 CSL is 24.73 6 2.05 mm. The CSL of area 32 in its caudal 1.5 mm is 11.94 6
1.66 mm.
| Area 24
Like in area 32, the pregenual dorsal and ventral boundaries of area 24 are a continuation from the caudal ones. The CSL of dorsal area 24 remains constant (29.59 6 1.61 mm) independently of the shape and size of the CG. However, the morphology of the CG is an important reference to guide visually the localization of area 24 dorsal boundary.
The caudal limit of dorsal area 24 in this study was considered at the end of the mPFC (see methods). As illustrated in Figure 7 , we found four morphologies of the CG with different cortical lengths:
1. CG with CSL 24.796 2.35 mm (small). In these cases, the length of area 24 surpasses that of the CG; that is, CSL of area 24 divided by that of the CG results in an area 24 that surpasses CG in 36%.
Therefore, area 24 extends dorsally beyond the cs/CG and its boundary with area 32 is located at the mid-point of the medialto-lateral axis of the upper bank of the cs (Figure 7a ).
2. CG with CSL of 31.256 0.91 mm (medium). In these cases, area 24 occupies most of the total CSL of the CG (95%). Visually, the boundary with dorsal area 32 in these cases falls in the fundus of the cs (Figure 7b ).
3. CG without ics with CSL of 32.53 6 2.90 mm (large). The boundary of area 24 in these cases is located at the point of highest convexity of the ventral bank of the cs, and occupies 91% of the CG (Figure 7c ).
4. CG with ics with CSL of 38.20 6 3.00 mm (large). The CSL of area 24 is smaller than that of CG, thus, it occupies approximately 77% of the total CG. The boundary is placed at the point of the highest convexity of the dorsal bank of ics (Figure 7d ). Like in the dorsal aspect of this area, the CG shape and size are independent of the CSL of area 24 (CS 5 9.50 6 0.89 mm). The caudal limit of subgenual area 24 extends 65.75 6 3.65 mm from the frontal pole; 88.90% 6 2.68% of the total mPFC longitudinal axis (Figure 7b ).
1. CG with a CSL of 16.996 1.61 mm (large). Area 24 boundary lays at the point of maximum convexity of the subgenual CG ( Figure   7e ).
2. CG with CSL of 9.836 1.37 mm (small). Area 24 boundary falls in the fundus of the ventral cs (Figure 7f ). The size of area 24 in the caudal 1.5 mm decreases to 5.63 6 0.72 mm.
| Area 14
The CSL of area 14 was 24.33 6 2.00 mm in the first most rostral section, while for the remaining sections, CSL was 41.66 6 3.00 mm (Figure 6c) . The boundary between area 14 and the orbitofrontal cortex (OBFC) is placed two-thirds from the gyrus rectus ventral tip to the olfactory sulcus. The boundary between area 14 and the subgenual area 32 depends mainly on whether there is junction between the cs and srs or not (Figure 8a,b) . When the srs is independent from the cs (patterns 1, 3, and 5), the boundary is at the fundus of the srs ( Figure   8a ). Furthermore, if the cs (or pcs) and the srs join (patterns 2, 4, 6, and 7), this boundary corresponds to the point of highest convexity of the ventral bank of the srs (Figure 8b ).
| Area 25
Area 25 CSL was 47.11 6 2.35 mm, except for the last 1.5 mm where CSL decreases to 32.17 6 1.66 mm. The boundary with the OBFC is the same as in the case of area 14 (Figure 6c ).
| Probability maps
Continuous probability maps (Figure 9 ) encode the probability of a given voxel of being part of mPFC areas 32, 24, 14, and 25 (Figure 9a brain. In the maximum probability map, a given voxel of each mPFC area gets the value of the area assigned with the highest probability for this position. Both types of maps are available in 1 and 2 mm MNI space.
| DISCUSSION
The aims of this study are illustrated by the main findings: first, the creation of a set of quantitative and visual guidelines for segmentation of the areas 32, 24, 14, and 25 in MRI scans based on architectural analysis of histological material and sulci (pcs, cs, and srs); second, probabilistic maps of the mPFC areas transferred to MNI space that can be used for region of interest (ROI)-functional/structural MRI group analysis.
This study contributes to the progress from manual to probabilistic segmentation in MRI of mPFC areas. We now address some of the key issues on mPFC segmentation.
| Disagreement in anatomical boundaries
The cytoarchitectonic subdivisions of the frontal lobe in general (Cox et al., 2014) , and of mPFC in particular, have been a matter of debate due to the distinct parcellations made by different authors.
Discrepancies exist not only within human studies but also in mon- One of the most relevant differences is in area 32 that, in nonhuman primates, is mostly restricted to the pregenual and subgenual regions, whereas in humans it has expanded dorsally to the corpus callosum. This is an important point to be taken into account when connectivity patterns observed in primates are used to interpret connectivity analyses in humans.
Areas 24 and 32 have been a particular focus of discussion in terms of parcellation in humans. Both, area 24 (Casey et al., 1994; Jones, Brown, Friston, Qi, & Frackowiak, 1991; Pardo, Pardo, Janer, & Raichle, 1990; Petersen, Fox, Posner, Mintun, & Raichle, 1988; Petit et al., 1993 ; also identified the dorsal and subgenual divisions of areas 24 and 32.
However, the architectonic differences between dorsal and ventral subdivisions of areas 24 and 32 were smaller than the similarities, and therefore, we did not subdivide area 24 and 32 any further in this study.
| Segmentation of mPFC in MRI scans
The parcellations of the mPFC in histological sections and MRI scans have been restricted so far to the subgenual region including areas 24, 32, and 25 (Mackey & Petrides, 2014 Recent studies have tried to correlate boundaries within the subgenual region with the most constant sulci (Mackey & Petrides, 2014; Palomero-Gallagher et al., 2015) . Our mPFC parcellation is in line with these studies, although with some differences in the precise definition of the architectonic boundaries. In regard to the subgenual part of area 24, Palomero-Gallagher et al. (2015) placed the boundary with area 32 in the fundus of the cingulate sulcus or in the superior rostral gyrus, especially in the most caudal part. By contrast, in our study, area 24 is more restricted and extends as far as the fundus of the cingulate sulcus at most, but never reaches the superior rostral gyrus. This result is in agreement with Mackey and Petrides (2014) . With regard to area 25, Palomero-Gallagher et al. (2015) reports its rostral boundary at the fundus of the anterior parolfactory sulcus in 16 of the 20 hemispheres analyzed. In the present study, we have established this limit more rostrally and our results indicate that the anterior parolfactory sulcus is not related with any architectonic boundary. Given that the cytoarchitectonic description of the mPFC areas are similarly described in all three studies, the differences found in the precise anatomical location of boundaries is likely be due to the different methods used to delin- parcellations (see Mackey & Petrides, 2014; Palomero-Gallagher et al., 2009 ). Therefore, further research is required to tease apart discrepancies like this, unlikely resolvable only with mere anatomical methods.
| Sulci
Sulci and gyri morphology rather than cytoarchitectonic features are, of course, of special significance for MRI studies, especially for the development of tools for automatic segmentation (Xie et al., 2014) .
Data on size and shape of brain sulci, as measured by gyrification index (GI), shows that although there are changes in embriogycal and early postnatal development, GI appear to stabilize by the age of 3/4, when gyri features appear remain relatively stable during adulthood (Zilles, Palomero-Gallagher, & Amunts, 2013) . This is in agreement with our own data, where even though the age range of the ex vivo brains is wide, sulci remained stable as well as their relationship with architectonic boundaries.
We found that the most consistent sulci on the medial surface of the prefrontal cortex were the cingulate, intracingulate, paracingulate, superior rostral, inferior rostral, and anterior parolfactory sulci. These results are in agreement with Ono, Kubik, and Abernathey (1990) , who described the frequency of the different patterns and confluences of the most consistent sulci in the whole brain, including the mPFC, in a sample of 25 ex vivo brains. Although the overall sulci appearance and variability in our study is in line with that reported by Ono, the sulcal patterns here have been defined and classified following the criteria of consistent anatomical association with mPFC areal boundaries; i.e. cingulate, paracingulate, and superior rostral sulci, and therefore, our results on frequencies are not comparable from the description provided by Ono et al., (1990) .
Although the general anatomy of sulci has been properly studied, there is still relatively little information about their anatomical/genetic association with cytoarchitectonic boundaries in the adult brain or during development. Apart from the important and still uncertain developmental issue, the impact that different sulci patterns could have in terms of functional studies are yet to be fully appreciated. There are some studies reporting that, for example, the variability in the paracingulate sulcus could affect different aspects in cortex organization, including functional aspects in healthy and clinical populations (Crosson et al., 1999; Fornito et al., 2004 Fornito et al., , 2006 Paus et al., 1996; Vogt, Nimchinsky, Vogt, & Hof, 1995) . In our study, the paracingulate sulcus is the most variable sulcus along its longitudinal axis; this can make even the decision of its presence or absence somewhat subjective. For consistency, we considered this sulcus as present when the segment that runs around the genu of the corpus callosum was continuous. However, the sulci variability in normal healthy subjects makes it difficult to address this issue, and sulci mapping seems to be essential to understand the implications of the different cortical folding (Thompson, Schwartz, Lin, Khan, & Toga, 1996) . Due to this variability, there is also controversy about whether sulci can be consistently related with areal boundaries or not. Some studies have shown that an estimation of cortical areas on the basis of sulcal and gyral pattern is the best possible approximation at the present time (Fischl et al., 2008) , and they have been previously used to delineate subareas in some regions such as the entorhinal cortex (Insausti et al., 1995 (Insausti et al., , 1998 . In contrast, others support that the high individual variability in terms of distances and depths makes difficult to create general rules to define landmarks based on these anatomical features and that probabilistic maps are essential (Amunts, Schleicher, & Zilles, 2007; Zilles et al., 1997) . In our study, we opted for the combination of sulci patterns with the measurements of CSL and distances, and thus far, they can be considered as reliable anatomical guidelines for MRI scans. To supplement these individual-specific guidelines, we have also created probabilistic maps in order to quantify the variability in the location of the subareas between subjects and show the most reliable regions within each area.
These probabilistic maps could be used in MNI space as references to delineate regions of interest in studies involving mPFC. However, and in view of all these controversies involving the possible functional implications of sulci and gyri patterns, more investigation in this field is required.
| Myelination
Gallyas' staining was used to confirm the boundaries between areas as established with Nissl stain. However, due to the poor myelinization of the cortical gray matter in mPFC, this staining was only useful to confirm some boundaries, such as the one between dorsal areas 24 and 32, and the boundary of area 32 with the adjacent dorsomedial areas 9
and 8. This is in agreement with some recent studies which propose that the low myelin content in high order cognitive areas can be related with the intracortical plasticity, being the most plastic regions the ones with less myelin/volume (Glasser, Goyal, Preuss, Raichle, & Van Essen, 2014 ). According to this statement, higher association areas such as the limbic mPFC would require more plasticity and, therefore, less myelinization than, for example, sensory areas. However, this is a working hypothesis that calls for further research.
| Automatic segmentation
Automatic segmentation (or parcellation) of the cerebral cortex has been an important goal for many years and several automated and semiautomated tools have been developed with this aim. This work has provided masks that are nowadays available in "standard space" in widely used programs like FSL or SPM. However, while these methods are starting to reach acceptable anatomical accuracy, and hence, reliability in well-studied structures such as the hippocampus (Yushkevich et al., 2015) , individual differences in brain morphology, size, orientation, or geometric complexity remain important problems when segmenting elsewhere in the cortex. There are also some technical issues that lead to heterogeneous segmentations between studies as in the use of different software tools, or differences in some MRI parameters such as sequences, signal-to-noise ratios, or image resolution (Cox et al., 2014; Geuze, Vermetten, & Bremner, 2005) . That is why manual segmentation is still considered the gold standard, even though it is time consuming. To ensure the least bias possible in our manual segmentations in terms of white matter and cerebral cortex boundaries, all MRI scans were pre-processed to obtain automatic parcellations of the whole prefrontal cortex before applying our manual segmentation of mPFC areas. This preprocessing steps addressed two critical issues:
first MRI signal inhomogeneity; second, signal-to-noise ratio. Segmentation of the mPFC areas was only applied once the cortex-white matter boundaries were automatically segmented in all cases. Our protocol for manual segmentation of this region takes into account the intersubject variability and provides visual guidelines and measurements to define the boundaries between areas in each subject. Although probabilistic maps of the mPFC were generated successfully, more research is needed to develop a fully automated protocol.
| C O NC LU S I O N
The mPFC has been associated with memory processing and consolidation due to its anatomical and functional connectivity with the limbic system. Many other higher order cognitive functions have, however, been considered in relation to the mPFC as well. The accurate anatomical parcellation provided in this study will be valuable for functional, structural, and molecular studies, as well as for understanding variations in healthy subjects and providing the basis for discriminant analy- 
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